Type IA and type II DNA topoisomerases are distinguished by their ability to cleave one or two strands, respectively, of a DNA duplex. Both types have been proposed to use an ''enzyme-bridging'' mechanism, in which a break is formed in a DNA strand and a gap is opened between the broken pieces to allow passage of a second DNA strand or duplex segment. Although the type IA and type II topoisomerase structures appear overall quite different from one another, unexpected similarities between several structural elements suggest that members of the two subfamilies may use comparable mechanisms to bind and cleave DNA.
Topoisomerases are enzymes that can alter DNA topology. Their activity requires cleavage and religation of DNA. The cleavage step generates a covalent phosphotyrosine link between an enzyme and a DNA strand; the religation step restores the phosphodiester bond. Topoisomerases have been classified into two primary types, I and II, according to their ability to cleave one or both strands, respectively, of a DNA duplex (1) . Type I enzymes are further subdivided into two classes, IA and IB, based on differences in their amino acid sequences and reaction mechanisms (for a recent review, see ref.
2).
The three-dimensional structures of the DNA-binding͞ cleavage cores of Escherichia coli topoisomerase I (a type IA protein) and two type II proteins, Saccharomyces cerevisiae topoisomerase II and E. coli GyrA, have been determined by X-ray crystallography ( Fig. 1) (3) (4) (5) . In addition to the binding͞cleavage core, type II enzymes also have an ATPase function that is required for full catalytic activity, and the structure of the ATP-binding domain of E. coli GyrB has been determined (6) . As expected from amino acid sequence, the overall tertiary structures of the type IA and type II enzymes appear to be very different. The DNA-binding͞cleavage region of type IA enzymes is monomeric, with a large globular base capped by a tall arch (Fig. 1 Left) , whereas in the type II enzymes, this region is dimeric, having two crescent-shaped halves that meet to encompass a large hole ( Fig. 1 Center and Right).
Despite their structural and functional differences, however, type IA and type II topoisomerases display some noteworthy mechanistic similarities. Enzymes of both types form 5Ј phosphotyrosine links to DNA. Both alter DNA superhelicity in discrete steps per round of DNA cleavage and rejoining (the change in linking number being 1 or 2, respectively, for type IA or type II enzymes) (7, 8) . By contrast, type IB enzymes form 3Ј phosphotyrosine links to DNA and appear to change linking number by variable integral amounts per cleavage͞rejoining event (9) . Moreover, both type IA and type II, but not type IB, enzymes require divalent metal ions (preferably Mg 2ϩ ) for full activity (8, (10) (11) (12) (13) (14) .
A particularly important similarity between the type IA and type II enzymes is their capacity to catenate or decatenate DNA rings (8, 15) . This activity probably reflects their role as ''untangling'' enzymes in the cell, to enable chromosomal segregation. It requires that the enzyme create and bridge a break in a DNA segment, while subsequently allowing a second DNA segment to pass between the two broken ends. Both ends of the broken DNA remain associated with the enzyme by the covalent 5Ј phosphotyrosine link and by noncovalent binding of the 3Ј-hydroxyl end. Therefore, the type IA and type II topoisomerases have been proposed to serve as ''enzyme bridges'' that span transient single-stranded or doublestranded DNA breaks, respectively (8, 16) . This paper reports the results of a detailed comparative inspection of regions that are thought to interact with the target DNA in type IA and type II enzymes. We have identified local structural similarities between the two groups that may explain some of their functional similarities. In particular, several subdomains known to be important for DNA cleavage show a degree of structural and chemical relatedness generally found between protein homologs of similar function. The results raise the possibility that, in terms of DNA binding, cleavage, and bridging, type IA and type II enzymes may share a common catalytic mechanism.
MATERIALS AND METHODS
The program O, version 6.2 (17) , was used to obtain a preliminary visual superposition of structural elements and to select polypeptide regions for comparison. Root-meansquared deviations (rmsd) of atom positions for E. coli DNA topoisomerase I (BNL Protein Data Bank accession no. 1ecl), S. cerevisiae DNA topoisomerase II (Brookhaven National Laboratory Protein Data Bank accession no. 1bgw), and E. coli GyrA (coordinates kindly provided by A. Maxwell and R. Liddington, Leicester University) were calculated by using the program LSQKAB from the CCP4 suite (18, 19) . Tables 1a and 2a outline the regions compared with one another. As a blind check, domain coordinates were submitted to the DALI server (20) for comparison against a known structural fold database. Z-scores from DALI are probabilistic indicators of the quality of fit, with scores of Z Ͼ 2.0 implying structural similarity.
RESULTS AND DISCUSSION
There are three published structures of type IA and type II DNA topoisomerase fragments that can bind DNA and that contain the active-site tyrosine: E. coli DNA topoisomerase I, E. coli GyrA subunit, and S. cerevisiae DNA topoisomerase II (4, 5, 21) . Comparative structural overviews are shown in Fig.  1 .
The type IA enzymes are generally single-chain, monomeric proteins; the E. coli DNA topoisomerase I structure of this class includes residues 2 to 590 of the 865 amino acid protein. This fragment can cleave single-stranded DNA, but it lacks a C-terminal region that aids DNA binding and is important for full catalytic activity. There are four distinct domains in DNA topoisomerase I (2-590): an ␣͞␤ ''Rossmann-fold'' (domain I) (22) , a small ␤-barrel (domain II), and two domains (III and IV) with folds similar to one found in the E. coli cataboliteactivator protein (CAP) (23, 24) (Fig. 1) . The active-site tyrosine responsible for DNA cleavage is in domain III. This tyrosine is buried in the structure, suggesting that the protein is in a conformational state similar but not identical to the one in which DNA is bound but not cleaved and opened (21) .
In prokaryotes, type II enzymes are A 2 B 2 tetramers. The B subunit contains the ATPase activity, whereas the A subunit contains the DNA-cleaving, active-site tyrosine. In eukaryotic type II topoisomerases, the A and B subunits are part of a single polypeptide chain, and the enzymes are (B-A) 2 dimers, with the B region N-terminal to the A region. The yeast DNA topoisomerase II and E. coli GyrA structures ( Fig. 1) comprise most of the A regions of the enzymes, including residues 678-1177 of the yeast enzyme and residues 30-522 of GyrA. These binding and cleavage cores are termed the AЈ fragments. The yeast DNA topoisomerase II structure also contains nearly one-half of the B region, residues 419-628, termed BЈ. The conformations of the AЈ regions in the yeast DNA topoisomerase II and GyrA structures are different, such that the spatial relationship of the active-site tyrosines is changed. The yeast DNA topoisomerase II structure may represent a state similar to the one in which a DNA duplex has been cleaved and the two halves separated, whereas the GyrA structure appears to be a state that can bind uncleaved duplex DNA (4, 5) .
Spatial Relationship of CAP-Like Domains that Bear the Active-Site Tyrosines. The DNA-binding domain of the E. coli catabolite-activator protein (CAP) is a common structural scaffold found in a large number of DNA-binding proteins (for reviews see refs. [25] [26] [27] . This domain generally contains a three ␣-helix bundle backed by a three-or four-stranded ␤-sheet. The order of secondary structural elements is usually ␣␤␣␣␤␤, but also can be ␤␣␣␤␤␣, in which the last helix 95 (1998) retains the spatial position and chain polarity of what is generally the first helix. The two adjacent a-helices (usually the second and third helices of the bundle) are connected by a short turn and are oriented with respect to each other such that their helical axes cross at an angle of Ϸ120°. This motif is known as the helix-turn-helix (HTH), and it is responsible for many of the principal contacts between CAP-like proteins and their DNA targets. The second helix of this motif generally inserts into the major groove of DNA, and the turn contacts the phosphodiester backbone. It has been observed previously that domains III and IV of E. coli DNA topoisomerase I and the AЈ fragments of DNA topoisomerase II and GyrA all contain ␣-␤ regions with CAP-like folds (4, 24) . The active-site tyrosines of these enzymes are always on an extended loop that connects the adjacent ␤-strands. This loop is in an analogous position to the ''wing'' of the ''winged-helix'' motif, a substructure that is found in certain CAP-like domains such as HNF-3 (28) and that contacts the DNA phosphodiester backbone. Domain IV of DNA topoisomerase I and the CAP-like domains of DNA topoisomerase II and GyrA have the same ␣␤␣␣␤␤ order as CAP, but domain III of DNA topoisomerase I is ␤␣␣␤␤␣. Moreover, in domain III, although the adjacent ␤-strands are too short to meet the Kabsch and Sander secondary structure criteria (29) , the central HTH motif is nonetheless very clear. Table 1 shows the results of superpositions of segments of the CAP-like domains from DNA topoisomerase I, DNA topoisomerase II, and GyrA. As expected, the type II CAP-like folds superpose on each other quite well (Table 1, Fig. 2 ), but they also superpose relatively well on domains III and IV of DNA topoisomerase I (Fig. 2) , as well as on other CAP-like members such as histone H5 (not shown) (30) .
A striking feature of the DNA topoisomerase I and GyrA structures, not previously noticed, is a similar spatial relationship of the CAP-like domains. The HTH motifs of domains III and IV of DNA topoisomerase I are related by a pseudo twofold axis; in GyrA they are related by a true dyad (Fig. 3) . In both cases, the first helix of each HTH motif (␣2) packs antiparallel to its twofold-related partner. This arrangement places the active-site tyrosine close to the turn of the HTH of the other CAP-like domain. In DNA topoisomerase I, there is only one such tyrosine, whereas in GyrA, there is a symmetrically related pair.
The two tyrosines in the published GyrA structure are too far apart to bridge comfortably the width of a DNA duplex, and Liddington and coworkers (5) have proposed that this type II enzyme distorts the DNA when it binds. The type IA enzymes are known to bind junctions of duplex and single-stranded DNA, as well as single-stranded segments (31, 32) . The similar orientations of the CAP-like domains in DNA topoisomerase I and GyrA place the two recognition helices adjacent to one another, and accommodating both helices in the major groove, may require the DNA to unwind locally as an initial step in the catalytic mechanism.
The similar orientation of the type IA and type II CAP-like domains also may explain their common DNA cleavage po- Domain I of DNA Topoisomerase I and the B Region of DNA Topoisomerase II Are Based on a Similar Fold. The central lobe of the BЈ domain of DNA topoisomerase II and domain I of DNA topoisomerase I are both ␣-␤ structures, with a four-stranded, parallel ␤-sheet sandwiched between two pairs of ␣-helices. In both proteins, the ␤␣␤␣␤␣␤␣ fold has the same order and relative positioning of secondary structural elements (Fig. 4a) ; this fold resembles the ''Rossmann fold'' found in a number of proteins known to bind nucleotides, phosphorylated amino acids, or other small organic molecules (22) . In DNA topoisomerase I, this domain contacts domains III and IV directly and lies just to one side of the active-site tyrosine. The proximity of domain I to the active-site tyrosine and its topological similarity to known nucleotide-binding domains have led to the proposal that it assists in binding the 3Ј-OH end of the DNA after cleavage by the tyrosine (21) . In type II enzymes, the BЈ region is known to be important for DNA binding and cleavage (4, 34, 35) . Certain conserved amino acid sequence motifs within this region of DNA topoisomerase II have been predicted to constitute a nucleotidebinding motif (36) , whereas in bacterial DNA gyrase, residues within these sequence motifs can be mutated to confer resistance to quinolones that stabilize the covalent DNA gyrase͞ DNA complex (37) .
One sequence comparison had previously suggested that portions of the BЈ region of type II enzymes were related to the domain I region of DNA topoisomerase I (38) . The superposed structures show, however, that the N-terminal regions of the sequences were misaligned (Fig. 4b) . The misalignment in the earlier sequence analysis probably arose from the presence of large insertions (60-200 amino acids) between the secondarystructural elements of the folds of both type IA and type II enzymes. In support of the correct structure-based realignment between the type-IA domain I and the type-II BЈ fragment (Table 2) , submission of the DNA topoisomerase I domain I coordinates to DALI (a structural comparison and alignment database) (20) , returns the DNA topoisomerase II BЈ domain as the closest structural analog, with a probability score well above other nucleotide binding motifs (Z ϭ 7.0, compared with a score of Z ϭ 5.3 for the next best fit, p21-Ras, and Z ϭ 4.5 for Che Y).
There is also a chemical similarity between domain I of topoisomerase I and the topoisomerase II BЈ domain. Both domains contain a nearly invariant set of acidic residues having identical spacing and occupying the same position within the domains. The acidic sequences lie within 4-8 Å of each other and include an E͞D-X-E͞D-X-E͞D pattern in the ␤3-␣3 loop and a conserved glutamic acid at the ␤1͞␣1 junction (Fig. 4b) . In E. coli DNA topoisomerase I, these residues (Glu-9, Asp-111, Asp-113, and Glu-115) lie close to the active-site tyrosine, and it has been proposed that they coordinate Mg 2ϩ in an analogous manner to DNA polymerases (21, 39) . In DNA topoisomerase II, these acidic residues (Glu-449, Asp-526, Asp-528, and Asp-530) are part of several highly conserved signature sequence motifs for type II enzymes. Mutation of (40, 41) , has a set of acidic residues (Asp-12, Asp-13, and Asp-57), which coordinate Mg 2ϩ to assist in catalysis (42) . These residues lie at the ␤1͞␣1 and ␤3͞␣3 junctions of the ␣͞␤ fold, like the acidic residues in the topoisomerases. The ''open'' nature of the metal coordinating center of the CheY fold allows divalent metal ions such as Mn 2ϩ to substitute for the preferred Mg 2ϩ ion (43, 44) . Type IA and type II topoisomerases can likewise use other divalent metals for DNA cleavage and even for limited catalysis (12, 13, 45) , suggesting that topoisomerases also may possess an open metal binding site coordinated by key acidic residues.
The structural and chemical similarities between domain I of DNA topoisomerase I and the BЈ region of type II DNA topoisomerases suggest related functions during catalysis, but the orientation of the BЈ domain in the published yeast DNA topoisomerase II structure projects the acidic residues away from the active-site tyrosine and the proposed site of DNAbinding, rather than toward it, as in DNA topoisomerase I (Fig.  1) . There is ample evidence that type II enzymes pass through distinct structural states during catalysis (46) (47) (48) . Could the relative position of domains I, III, and IV in topoisomerase I suggest an alternate orientation for the topoisomerase BЈ domain? To examine this possibility, we superposed the CAPlike domains of topoisomerase IA on GyrA. The superposition allowed the subsequent positioning of the type II BЈ domains based on the location of topoisomerase I domain I (Fig. 5) . This speculative, structure-based reorganization places the conserved acidic groups from the type II BЈ domain in the neighborhood of the active-site tyrosine. We note that the acidic cluster is located close to two known quinoloneresistance ''hot-spots'' in E. coli DNA GyrB, which have been proposed to lie near the active-site tyrosine (37) . A new structure of topoisomerase II recently has been determined, which shows that the BЈ domains can indeed undergo largescale reorientations with respect to the AЈ fragments (D.F. and J.M.B., unpublished data).
CONCLUSION
Our structural comparison has uncovered some previously unsuspected similarities between type IA and type II DNA topoisomerases. The published structures of E. coli DNA topoisomerase I and GyrA are thought to represent states that bind to uncleaved DNA, and this work shows that the two CAP-like domains (domains III and IV) of DNA topoisomerase I are so oriented that they resemble the dyad-related CAP-like domains in GyrA. Moreover, the position of the single active-site tyrosine of DNA topoisomerase I with respect to these CAP-like folds is close to the position of the analogous active-site tyrosines of GyrA. The central lobe of the BЈ domain of yeast DNA topoisomerase II closely resembles domain I of DNA topoisomerase I, not only in its ␣͞␤ fold but also in the placement of conserved acidic residues that have been suggested to bind Mg 2ϩ for activity in DNA topoisomerase I. The two groups of enzymes may thus share certain properties of their DNA binding, cleavage, and bridging activities through the use of common structural motifs displayed on distinct supporting elements. An appreciation of the structural and mechanistic similarities between these two distinct topoisomerase families should foster a more comprehensive understanding of type IA and type II topoisomerase function. 95 (1998) 
